Abbreviations: BSA, bovine serum albumin; ED, extra domain; MoAb, monoclonal antibody; PBS, phosphate-buffered saline; vWF, von Willebrand factor. A table elsewhere in this issue shows conventional and Système International (SI) units and conversion factors for many substances.
C hange in endothelial function is considered an early pivotal step in the development of arterial disease. Endothelial function can be assessed either by vascular function tests using invasive or noninvasive techniques or by determination of plasma concentrations of specific endothelial proteins, such as von Willebrand factor (vWF). Circulating cellular fibronectin may be another useful marker of endothelial activation.
Fibronectins are large glycoproteins found in plasma, in extracellular matrix, and on cell surfaces. They promote cell-cell and cell-matrix interactions and thus play a role in tissue construction and reconstruction (1) . A single gene encodes for various distinct fibronectin moieties, with differences in primary structure resulting from alternative splicing of the primary mRNA transcript (2). The predominant fibronectin in plasma is secreted by hepatocytes and lacks extra domain (ED) segments. The fibronectins found in subendothelial and connective tissue matrices are produced locally by endothelial cells and fibroblasts and often contain an extra type III structural domain called ED-A (3,4). Usually, Ͻ1-2% of total fibronectins in plasma consists of this cellular fibronectin (5).
Elevated plasma levels of cellular fibronectin have been reported in patients with rheumatoid vasculitis, in preeclamptic women, in patients with collagen vascular disorders, in acute trauma, in sepsis syndrome, and in thrombotic thrombocytopenic purpura (5-9). These observations suggest that the intravascular accumulation of cellular fibronectin reflects injury to blood vessels. Vessel wall damage with characteristic endothelial extracellular matrix changes is also found in subjects with diabetes. The accumulation of proteins in the subendothelial matrix in patients with diabetes is visible by light microscopy as periodic acid-Schiff-positive material, consisting of laminin, type IV collagen, and fibronectin (10) . Plasma levels of circulating cellular fibronectin could therefore reflect matrix changes and hence vessel wall damage in patients with diabetes.
In the present study, we investigated whether the plasma level of cellular fibronectin reflects the vascular changes in patients with diabetes, compared with healthy nondiabetic individuals or nondiabetic patients with a history of ischemic stroke and nondiabetic patients with renal artery stenosis. Furthermore, we studied relations between various cardiovascular risk factors and circulating cellular fibronectin in diabetic individuals.
RESEARCH DESIGN AND METHODS

Patient characteristics
Diabetic patients, renovascular hypertensive patients, and control subjects were recruited from the outpatient clinic, and ischemic stroke patients were recruited from the clinic of the University Medical Center Utrecht. The study protocol was approved by the ethics committee of the hospital and all patients gave informed consent. We investigated the following groups of patients: Group 1. We studied 102 patients with diabetes: 52 with type 1 and 50 with type 2 diabetes, aged 19-73 years, with a duration Circulating cellular fibronectin in diabetes of diabetes of 0.4-47 years, and 62% were men. Demographic, clinical, and biochemical characteristics of these patients are shown in Table 1 . Of these patients, 73 were included in a lipid-lowering study, and 29 participated in a study on the effect of long-term physical exercise on glycemic control (11, 12) . Their baseline data were used for the current study. Inclusion criteria for the lipid-lowering study were as follows: type 1 or type 2 diabetes, LDL cholesterol Ͼ2.6 mmol/l or triglycerides Ͼ1.7 mmol/l or HDL cholesterol Ͻ0.9 mmol/l for men and Ͻ1.1 mmol/l for women. Exclusion criteria were as follows: premenopausal women without adequate birth control; liver or renal impairment (creatinine Ͼ200 µmol/l); other contraindication to the study medication; hyperlipidemia caused by hypothyroidism; or excessive alcohol consumption (Ͼ5 servings/day). The inclusion criterion for the study on physical exercise was type 1 diabetes for at least 2 years. Exclusion criteria were as follows: micro-or macroalbuminuria (Ͼ30 mg/24 h), proliferative retinopathy, disabling neuropathy, clinical manifestations of micro-or macrovasular disease, a BMI Ͼ30 kg/m 2 , or any disease interfering with regular intensive physical activity. Group 2. Plasma was sampled from 24 nondiabetic patients within 2 days of acute ischemic stroke and from 30 nondiabetic patients with a previous (Ͼ1 week) transient ischemic attack or minor ischemic stroke associated with a moderate-to-severe stenosis of the internal carotid artery (13) . These 54 ischemic stroke patients were 32-88 years of age, and 70% were men. The diagnosis of acute ischemic stroke was established by history, clinical examination, and cerebral computed tomography or magnetic resonance imaging. Some 38% of the patients with an acute ischemic stroke and 47% of the patients with a symptomatic stenosis of the internal carotid artery had a history of hypertension. Group 3. We included 23 nondiabetic hypertensive patients with angiographic evidence of Ͼ50% atherosclerotic stenosis of a renal artery (renovascular and atherosclerotic hypertensive patients) in our study (14) . They were 45-71 years of age, had a mean arterial pressure in the range of 97-153 mmHg (mean 125), and 57% were men. Their duration of hypertension was in the range of 0.5-36 years (mean 9). Of these patients, 10 also had evidence of coronary artery disease, 4 had proven atherosclerosis of the carotid arteries, and 11 had evidence of atherosclerosis in the aorta, or in femoral or iliac arteries. Group 4. Healthy control subjects numbered 64 individuals, were 19-79 years of age, and 42% were men. They were asymptomatic for vascular disease and were not being administered cardiovascular medication.
Blood sampling and laboratory investigations
Blood was sampled by an evacuated tube system and collected in citrate anticoagulant (1:10 in 3.1% citrate). It was immediately centrifuged at 2,000g for 15 min at 4°C. The supernatant was removed and centrifuged in the same way a second time. Plasma samples were stored at Ϫ70°C. Circulating cellular fibronectin was measured with an enzymelinked immunosorbent assay developed at the University Medical Center Utrecht. Microtiter plates were coated overnight with IgM monoclonal antibody (MoAb) 3E2 (1.4 µg/ml) against cellular (ED-A) fibronectin antibodies (Sigma, St. Louis, MO) in carbonate buffer (50 mmol/l Na 2 CO 3 /NaHCO 3 ; pH 9.6) at 4°C and then blocked with phosphate-buffered saline (PBS)/3% bovine serum albumin (BSA). Wells were washed with PBS/0.05% Tween. Samples were diluted to an appropriate concentration with PBS/0.05% Tween/1% BSA. Ligand capture was detected by addition of peroxidase-conjugated anti-human fibronectin antibodies (0.6 µg/ml) (Dako, Glostrup, Denmark). Binding of the antibody was detected by adding 0.25 µg/ml O-phenylene-diamine in 0.1 mol/l citrate-phosphate buffer (pH 5) with 2.5 mmol/l H 2 O 2 . The reaction was stopped by adding 3 mol/l sulfuric acid. Absorbance at 490 nm was read on a microplate reader. As a standard, cellular fibronectin was purified from cultured human fetal lung fibroblasts (5, 9) . ED-A fibronectin was isolated from the medium of GM-1380 human fetal lung fibroblast grown in Dulbecco' s modified Eagle' s medium containing 10% fibronectin-depleted fetal calf serum by gelatin-affinity chromatography (5). MoAb 3E2 was raised using fibronectin antigen released by cultures of human breast cancer cell lines (15, 16) . The interassay coefficient of variation of a standard (1.0 µg cellular fibronectin per milliliter) measured in 12 microtiter plates was 8.1%, and the intraassay coefficient of variation was 4.0% (12 samples ). An amount of 0.4 µg/ml in plasma could be detected in the linear range of the standard curve. MoAb 3E2 is specific for the ED-A domain, and the critical residues were recently identified (17) .
Statistical analysis
Data are presented as means ± SD. Differences between groups of patients and control subjects were described by 95% CIs based on the t test for independent samples. These differences were adjusted for age by linear regression analysis.
Linear regression analysis was used to evaluate the determinants of circulating cellular fibronectin in diabetes. Age, duration of diabetes, HbA 1c , total cholesterol, HDL cholesterol, triglycerides, LDL cholesterol, BMI, and urinary albumin excretion were entered as continuous variables into the regression analyses. Sex, type of diabetes, treatment for hypertension, current or past cigarette smoking, history of vascular disease, and at least one cardiovascular risk factor were entered as dichotomous variables. Variables selected from univariate analysis (selected by significance level of Յ0.10 or less) were sequentially entered into the multivariate model until no remaining candidate variable had a significance level of Յ0.10. P Ͻ 0.05 was considered statistically significant.
RESULTS -Mean age (± SD) of the patients with diabetes (n = 102) was 49 ± 15 years, and 62% were men. These character- istics were 62 ± 13 years and 70% for the ischemic stroke patients (n = 54), 59 ± 8 years and 57% for the renovascular hypertensive patients (n = 23), and 49 ± 18 years and 42% for the healthy control subjects, respectively. Levels of circulating cellular fibronectin are summarized in Fig. 1 . Table  2 shows the unadjusted and the age-adjusted differences in circulating cellular fibronectin between groups. Levels were significantly elevated in diabetic patients compared with ischemic stroke patients, renovascular hypertensive patients, and healthy control subjects. Circulating cellular fibronectin was significantly higher in ischemic stroke patients than in healthy control subjects. There was no difference in plasma levels between renovascular hypertensive patients and healthy control subjects.
In the healthy control group, circulating cellular fibronectin levels were similar in men and women: 1.5 ± 0.6 µg/ml (n = 26) and 1.4 ± 0.6 µg/ml (n = 38), respectively. Circulating cellular fibronectin increased with age in the healthy control group. The regression coefficient was 0.014 (95% CI 0.006-0.022), i.e., for each year increase in age, the mean increase in circulating tissuespecific fibronectin was 0.014 µg/ml.
Results of univariate regression analysis in the diabetic patients are shown in Table 3 . Plasma levels of cellular fibronectin were higher for type 2 (n = 50) than for type 1 (n = 52) diabetes: 4.9 ± 2.3 and 3.8 ± 3.1 µg/ml, respectively (difference 1.1; 95% CI 0.06-2.2). The plasma level of cellular fibronectin increased by 0.04 µg/ml for each 10 mg/24 h increase in urinary albumin excretion (0.004 µg/ml for each mg/24 h). Mean levels were 3.7 ± 2.3, 4.4 ± 1.9, and 9.0 ± 3.9 µg/ml for diabetic patients with normoalbuminuria (Ͻ30 mg/24 h; n = 70), microalbuminuria (30-300 mg/24 h; n = 17), and macroalbuminuria (Ͼ300 mg/24 h; n = 7), respectively. When these differences were analyzed by the t test for independent samples, no statistically significant difference in plasma levels between patients with normoalbuminuria and microalbuminuria was found. However, circulating cellular fibronectin was elevated in patients with macroalbuminuria compared with subjects with normoalbuminuria and microalbuminuria.
Circulating cellular fibronectin was 5.1 ± 2.6 and 4.2 ± 2.8 µg/ml for diabetic patients with (n = 15) or without (n = 87) a history of vascular disease, respectively (difference 0.9; 95% CI Ϫ0.6 to 2.5). Seventeen diabetic patients had no micro-or macroalbuminuria, no history of vascular disease, no treatment for hypertension, no current or past cigarette smoking, and no hyperlipidemia (HDL cholesterol Ͼ1.1 mmol/l, triglycerides Ͻ2.3 mmol/l, and LDL cholesterol Ͻ3.4 mmol/l) (18) . Circulating cellular fibronectin was 2.0 ± 1.1 µg/ml in these subjects without cardiovascular risk factors, compared with 4.8 ± 2.8 µg/ml in the 85 diabetic patients with risk factors (difference 2.8; 95% CI 1.5-4.2). Furthermore, in univariate regression analysis, age, HDL cholesterol, triglycerides, BMI, treatment for hypertension, and current or past cigarette smoking were associated with plasma levels of cellular fibronectin. Type of diabetes, HDL cholesterol, BMI, and treatment for hypertension were no longer statistically significant predictors of circulating cellular fibronectin after adjustment for age. The age-adjusted regression coefficients of the other variables remained essentially the same.
Results of multivariate regression analysis are shown in Table 4 . Higher triglycerides, current or past cigarette smoking, and higher urinary albumin excretion were independently associated with an increase in circulating cellular fibronectin in diabetes. The other variables, including type of diabetes, were not independently associated with plasma levels of cellular fibronectin.
The group of ischemic stroke patients consisted of patients with an acute ischemic stroke and subjects with more chronic cerebral ischemia. Circulating cellular fibronectin was 2.2 ± 1.0 µg/ml (n = 24) and 1.8 ± 0.9 µg/ml (n = 30) for both subgroups, respectively (difference 0.4; 95% CI Ϫ0.1 to 0.9). The plasma levels of each of these DIABETES CARE, VOLUME 24, NUMBER 2, FEBRUARY 2001 325 
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Table 2-Unadjusted and age-adjusted differences in plasma levels of cellular fibronectin between groups of patients and control subjects
Unadjusted difference (95% CI) Age-adjusted difference (95% CI) Group 1-Group 2 2.3 (1.6 to 3.1) 2.9 (2.1 to 3.7) Group 1-Group 3 2.7 (1.5 to 3.9) 3.2 (2.1 to 4.4) Group 1-Group 4 2.9 (2.2 to 3.6) 2.9 (2.2 to 3.6) Group 2-Group 3 0.4 (Ϫ0.1 to 0.8) 0.3 (Ϫ0.2 to 0.8) Group 2-Group 4 0.6 (0.3 to 0.9) 0.4 (0.1 to 0.7) Group 3-Group 4 0.2 (Ϫ0.2 to 0.6) 0.1 (Ϫ0.3 to 0.4) subgroups were significantly higher than those in healthy control subjects.
CONCLUSIONS -Plasma levels of cellular fibronectin were elevated in diabetic patients. Diabetic subjects with cardiovascular risk factors had higher plasma levels of cellular fibronectin than those without risk factors. Elevated triglycerides, current or past cigarette smoking, and higher urinary albumin excretion were independently associated with an increase in circulating cellular fibronectin in diabetes. Levels were comparable between renovascular hypertensive patients and healthy control subjects and increased in ischemic stroke patients compared with control subjects. There is ample evidence of microangiopathy in diabetes: increased urinary albumin excretion, high levels of vWF and propeptide vWF, high levels of vascular cell adhesion molecule 1, and impaired endothelium-dependent vasodilatation (19-23). These signs are not specific for diabetes-associated vasculopathy and are also found in atherosclerosis without diabetes. The predictive value of these factors for cardiovascular morbidity is limited. We observed an increase of circulating cellular fibronectin in diabetic patients compared with nondiabetic patients with severe atherosclerotic vascular diseases. This increase in patients with diabetes may suggest a different type of endothelial cell activation. Elevated levels of cellular fibronectin can also be found in patients with severe nonatherosclerotic vascular diseases: vas-culitis, preeclampsia, acute trauma, sepsis syndrome, and thrombotic thrombocytopenic purpura (5-9). Therefore, elevated plasma levels of cellular fibronectin may reflect a common pathway of endothelial cell activation in these circumstances, which are not found in atherosclerosis without diabetes. Prospective studies could establish the usefulness of cellular fibronectin as a marker of endothelial dysfunction in individuals with diabetes.
Fibronectin exists in a soluble protomeric form in micromolar concentrations in blood plasma and in an insoluble multimeric form in the extracellular matrix. Plasma fibronectin is synthesized in the liver by hepatocytes and contains neither ED-A nor ED-B, whereas cellular fibronectin contains variable amounts of either or both ED-A and ED-B (1) . In this study, we focused on ED-A. Approximately 1% of the total fibronectin concentration in blood plasma consists of cellular fibronectin. Cellular fibronectin is synthesized by endothelial cells, fibroblasts, and smooth muscle cells. Under normal conditions, the main components of the matrix proteins are basement membrane proteins, collagen type IV, and laminin. Significant amounts of fibronectin are also found, but such fibronectin is strictly devoid of ED-A and ED-B. After experimental endothelial denudation, there is rapid (24-48 h) upregulation in the expression of fibronectin mRNA, including both ED-A-positive and ED-B-positive isoforms (24) . This expression is sustained even after re-endothelialization is achieved. The changes in ED-A and ED-B fibronectin variants are regulated by alternative splicing, and it seems clear that inclusion of these segments increases under specific pathological circumstances (25) . In diabetes, an increased concentration of different matrix proteins is found (10) . The large vessels as well as the small arteries contain more laminin and fibronectin. The retinopathy in diabetes is associated with an increased concentration of ED-A-positive cellular fibronectin localized in the subendothelial matrix (26) . There is little passive accumulation of fibronectin in preexisting extracellular matrix (27) . The polymerization of fibronectin into the extracellular matrix and its insoluble state makes release into the circulation unlikely. Although apical and basal stimulation with transforming growth factor-␤1 increased fibronectin synthesis, the secretory response differed depending on which surface was being stimulated (28) . Apical secretion of fibronectin and expression of ED-A fibronectin mRNA increased only after apical stimulation. Changes in polarized secretion in diabetes could induce a higher concentration of cellular fibronectin in blood plasma.
To our knowledge, no studies have been published on plasma levels of cellular fibronectin in diabetes. Furthermore, it is unknown whether cellular fibronectin is a general marker for atherosclerosis. From our findings, we speculate that circulating cellular fibronectin may be a marker for diabetic angiopathy. Such a reflection of subendothelial changes in diabetic subjects
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Circulating cellular fibronectin in diabetes
-Univariate regression analysis of variables for the prediction of cellular fibronectin in the patients with diabetes (n = 102)
Age (years) 0.055 (0.020 to 0.090) Sex (men = 0, women = 1)
Ϫ0.67 (Ϫ1.78 to 0.44) Type of diabetes (type 1 = 0, type 2 = 1)
1.12 (0.06 to 2.18) Diabetes duration (years) 0.030 (Ϫ0.025 to 0.085) HbA 1c (%) 0.24 (Ϫ0.18 to 0.66) Total cholesterol (mmol/l) 0.50 (Ϫ0.13 to 1.13) HDL cholesterol (mmol/l) Ϫ1.93 (Ϫ3.19 to Ϫ0.67) Triglycerides (mmol/l) 1.05 (0.52 to 1.57) LDL cholesterol (mmol/l) 0.37 (Ϫ0.28 to 1.02) BMI (kg/m 2 ) 0.14 (0.01 to 0.27) Treatment for hypertension (no = 0, yes = 1)
1.54 (0.31 to 2.77) Current or past cigarette smoking (no = 0, yes = 1)
1.91 (0.85 to 2.98) Urinary albumin excretion (10 mg/24 h) 0.040 (0.027 to 0.054) History of vascular disease (no = 0, yes = 1) 0.93 (Ϫ0.59 to 2.45) At least one cardiovascular disease risk factor (no = 0, yes = 1) 2.84 (1.49 to 4.18)
Data are regression coefficients (95% CI). For each unit increase of the predictor variable, the regression coefficient reflects the mean increase of circulating cellular fibronectin.
Table 4-Multivariate regression analysis of variables for the prediction of cellular fibronectin in the patients with diabetes (n = 102)
Triglycerides (mmol/l) 0.67 (0.21-1.12) Current or past cigarette smoking (no = 0, yes = 1)
1.52 (0.61-2.42) Urinary albumin excretion (10 mg/24 h) 0.037 (0.025-0.049) could be very useful for the follow-up of patients in epidemiological studies and clinical trials. Circulating cellular fibronectin should be further explored as a potential useful marker protein for endothelial cell activation. The association with diabetes, vascular complications, and other risk factors especially merits further study.
